Bronchial blood flow was measured in nine patients with tetralogy of Fallot and in two of these cases after radical operation also. The study was made of simultaneous recording of dye-dilutioni curves from the left atrium and the ear following dye injection into the aortic root. A method of calculating the bronchial blood flow was devised by combining the dye-dilution method with the Fick principle. The bronchial blood flow was increased in all cases. The mean value was 0.46 + 0.31 L/min, with a range from 0.14 to 1.27 L/min; this is equivalent to 15.3% of the pulmonary artery flow on the average. This study showed no definite relationships among pulmonary artery blood flow, pulmonary artery pressure, arterial oxygen saturation, severity of disease, and patient's age. The postoperative measurement revealed no significant change in bronchial blood flow though its ratios to the pulmonary artery or aortic blood flows were considerably decreased.
SUMMARY
Bronchial blood flow was measured in nine patients with tetralogy of Fallot and in two of these cases after radical operation also. The study was made of simultaneous recording of dye-dilutioni curves from the left atrium and the ear following dye injection into the aortic root. A method of calculating the bronchial blood flow was devised by combining the dye-dilution method with the Fick principle. The bronchial blood flow was increased in all cases. The mean value was 0.46 + 0.31 L/min, with a range from 0.14 to 1.27 L/min; this is equivalent to 15.3% of the pulmonary artery flow on the average. This study showed no definite relationships among pulmonary artery blood flow, pulmonary artery pressure, arterial oxygen saturation, severity of disease, and patient's age. The postoperative measurement revealed no significant change in bronchial blood flow though its ratios to the pulmonary artery or aortic blood flows were considerably decreased.
Additional Indexing Words: Dye-dilution curves Pulmonarv artery flow Techniques Cardiac catheterization Fick principle M ORPHOLOGICAL STUDIES17 have made it apparent that the bronchial arteries are developed remarkably in tetralogy of Fallot. The bronchial circulation may be extremely important because it might improve the symptoms of this malformation with an advantage of compensating a restricted blood supply to the lung. However, there had been no adequate method of measuring precisely the bronchial blood flow in the patients. In 1963. one (R.K.)8 of the present authors reported preliminarily a method for estimating the flow in tetralogy of Fallot using the dyedilution method. The purpose of this paper is to present detailed data of bronchial blood flow in nine patients including two postoperative measurements. Methods Nine patients with tetralogy of Fallot were included in the study. Clinical and laboratory findings are listed in table 1. Two of these patients underwent postoperative measurement, at 1 month in case 8 and at 2 months in case 9, after radical operation. The operation was completely successful in case 8, but was not successful in case 9 because of persistence of a large left-to-right shunt and appearance of right-heart failure. Diagnosis was made by the right-heart catheterization in all cases and confirmed by autopsy in case I and by surgical operation in the other eight cases. The ductus arteriosus was not patent in all patients. One patient had an atrial septal defect and two had a patent foramen ovale. Patient 1 had suffered from severe pulmonary tuberculosis, and be died 1 year after the study. Patient 2 had had systemic hypertension of unknown etiology. The age of the patients ranged from 9 to 36 years.
Principle for Calculating Bronchial Blood Flow
When the bronchial artery is developed and the communication between the bronchial and pulmonary circulations is produced, the blood entering the bronchial artery should return to the left atrium through such an aortopulmonary communication without circulating the right side of Circulaion, Volume XXXV, May 1967 Abbreviations: S = systolic pressure; D = diastolic pressure. the heart. In this condition, if a dye-dilution curve is inscribed in the left atrium following injection of dye into the aortic root, an early appearance of the dye is expected before the usual appearance of the dye which recirculates normally in the systemic circulation. Bronchial blood flow can be calculated by comparing this early appearing dye curve (LA curve) with the dye-dilution curve (SA curve) recorded simultaneously in the peripheral systemic artery. This design was previously used to measure the bronchial blood flow in pulmonary disease by Cudkowicz and associates.9 In patients with tetralogy of Fallot, however, the following treatment is required to calculate the flow because of intracardiac shunt. The next two equations hold on the SA curve:
QAO-S
(1) (BA + QPA = Iba Sla (3) where QPA (L/min) is pulmonary artery blood flow, and SI, (L/min) is the dye-concentration area under the early appearing dye curve of the LA curve. The equation 3 can be written as,
Combining the equation 4 with the equation 2, QBA S1a QPA Ssa -S1a
According to the Fick principle, QPA and QBA are calculated as follows:
CA CA BA (7) where V79PA (ml/min) is the amount of oxygen taken up by the pulmonary artery blood flow, VO2.,BA (ml/min) is amount of oxygen taken up by the bronchial blood flow, CI;O,_ (ml/L) is oxygen content of the pulmonary venouis blood, Cpvo (ml/L) is oxygen content in the pulmoinary artery blood, and CBAO, (ml/L) is oxygen content in the systemic artery blood.
By using equations 6 an-d 7. equationi 55 can be written as,
where Vn, (mI/min) is oxygen consumption, which is a sum of VO,PA and VX,BA.
Procedures
After the routine right-heart catheterization for diagnosis, transseptal left atrial puncture was performed by the Brockenbrough and Braunwald technique10 except in four cases in which there was an atrial septal defect or patent foramen ovale. The tip of the Brockenbrough catheter then lay in the left atrium. Odman-Ledin KIFA catheter was introduced into a femoral artery by the Seldinger percutaneous technique" and it was advanced under fluoroscopic control until its tip lay just above the aortic valve. Sixty milligrams of Coomassie Blue (cases I to 4) or 10 mg of indocyanine green (Cardio-Green; cases 5 to 9) were rapidly injected into the aortic root through the latter catheter, and two dye-dilution curves, from the left atrium and from the ear, were simultaneously recorded by a Sanborn Twin-Viso Cardiette using cuvette and ear densitometers, respectively. A cuvette was connected directly with the Brockenbrough catheter and blood was withdrawn at the speed of 0.9 ml/sec by an Erma Infusion-Withdrawal Pump* for recording of the dye-dilution curve. Capacity of a catheter-connector-cuvette system was 1.98 ml. For densitometers we employed the Erma Dye-Densitograph* which was devised in our laboratory.12 Its response was linear in the range of 0 to 130 mg of Coomassie Blue dye and 0 to 60 mg of indocyanine green per *Erma Optical WVork Company, 2-4, Kanda Kajimachi, Tokyo, Japan. liter of whole blood. When a filter of comparable density was suddenly placed in the light path, the instrument responded to 90% of full scale in 0.24 second. Figure 1 shows dye-dilution curves in case 4. The dye-dilution curve from the left atrium (lower panel) shows a two-peak contour of which an antecedent peak is considered to be the earlv appearing dye through the bronchial-pulmonary communication and a succeeding one corresponds to the recirculation dye curve through the systemic circulation. Calculation of dye-concentration area in the SA curve was made by the method of Hamilton and associates13 but for that of the early appearing curve in the LA where tap is buildup time and Cp is peak concentration. Calibration of dye-dilution curves was made by the following procedures. For Coomassie Blue dye, the blood sample was obtained from the left atrium about 2 minutes after injection of the dye, and plasma-dye concentration was measured by a electrophotometer using the wavelength of 610 m,u. A densitometer deflection from the base line of the dye curve at the time of blood sampling was used for one-point check of calibration both in the left atrial dye curve and the ear dye curve. For Cardio-Green dye, the cuvette densitometer was calibrated by the passage of known concentrations of the dye made up in the patients arterial blood immediately before inscription of the dye curve, and the earpiece dye curve was calibrated by comparing its deflection with the corresponding deflection of the left atrial dye curve. Bronchial blood flow (QBA) was calculated bv pulmonary venous blood and pulmonary artery blood, an-d for the QS(FIcK) it was divided by that between systemic artery blood and mixed venous blood. Intracardiac pressures were recorded by a Sanborn Twin-Viso Cardiette using a Statham strain gauge transducer, type P23Db. Oxygen content of blood was determined by the method of Van Slyke and Neill. The blood of the right ventricle was used in substituition for that of the pulmonary artery in cases where the tip of the catheter did not enter the pulmonary artery. Oxygen consumption was determined by the open method in which samples of expired air were collected by a mouthpiece anid a nose clip in a Douglas bag an-d analyzed for their gaseous content by a Scholanider micro-gas-analyzer. Intracardiac shunts were calculated by the Fick principle according to the method of Bing and associates'5 but in four cases they were detelrmined by the dye-dilution method in which left-to-right shuint was calculated by a single earpiece inethod reported previously16 anld right-to-left shunt was calculated from the dye curve following peripheral vein injection according to the method of Swan and associates. 17 Circulation, Volume XXXV, May 1967
Results
The results of the study are listed in tables 2, 3, and 4.
Catheterization Data
Pulmonary arterial pressure was lowered in all seven cases observed. Right ventricular systolic pressure was markedly elevated in all nine cases, ranging from 90 to 170 mm Hg.
After operation it decreased to almost normal level in case 8, but in case 9 the decrease was inisignificant. Right atrial pressure ranged from 2 to 7 mm Jig in the preoperative state, but it xvas high (10 mm Hg) postoperatively in case 9 in which there was clinical evidence of right-heart failure at that time.
Right-to-left shunt ranged from 11 to 44%, and after operation it was completely corrected in both cases. Left-to-right shunt ranged from 2 to 31%, and after operation it was not detected in case 8 but remained high (28%) in case 9. Arterial oxygen saturation ranged from 78 to 90% in preoperative Pulmonary artery blood flow ranged from 1.53 to 4.87 L/min, with a mean value of 3.02 -+ 1.05 L/min. Aortic blood flow greatly exceeded the pulmonary artery blood flow in all except in one case; its mean value was 5.77 + 2.44 L/min with a range from 2.41 to 10.02 L/min. Pulmonary blood flow calculated by the Fick method was slightly higher than the pulmonary artery blood flow mentioned earlier, ranging from 1.71 to 4.99 L/min with a mean value of 3.19 ± 1.20 L/min. After radical operation, pulmonary artery blood flow, aortic blood flow, and pulmonary blood flow by the Fick method increased as compared with the preoperative values in both cases. Bronchial blood flow did not show any significant change in both cases. However, the ratio of the bronchial blood flow to the pulmonary artery blood flow was considerably decreased in both cases after operation on account of the marked increase in pulmonary flow.
Duplicate measurements revealed a good agreement with each other in the bronchial blood flow, the pulmonary artery blood flow, or the aortic blood flow as shown in table 4.
Discussion
The enlargement of bronchial blood flow has been confirmed physiologically by several investigators9' 18-22 in lung disease, while in heart diseases there have been only a few reports concerning the measurement of col-Circulation, Volume XXXV, May 1967 lateral blood flow in patients with atresia of the main pulmonary artery or unilateral absence of the pulmonary artery. Four patients with tetralogy of Fallot complicated by pulmonary arterial atresia were studied by Fishman and associates.18 Since blood flow to the lung was derived entirely from the aorta, "effective" bronchopulmonary blood flow could be calculated by the Fick principle in their cases. The flow was large, ranging from 1.35 to 5.00 L/min. Averill and co-workers23 reported one case of congenital absence of the left pulmonary artery. Indocyanine dye was injected into the aortic root and simultaneous dye curves were recorded from the femoral artery and the left atrium. The total bronchopulmonary flow to the lung was about 25% of the total left ventricular output. Tabakin and co-workers24 reported two cases in which the estimated flow (Fick principle) was 1.84 and 1.80 L/min, respectively. Oakley and associ-ates25 reported one case of congenital absence of the left pulmonary artery with the left ventricular output 35% larger than the right ventricular output.
On the contrary, the measurement of bronchial blood flow in tetralogy of Fallot with pulmonic stenosis is not simple, because blood flow to the lung is supplied from both the pulmonary artery and the aorta through the bronchial artery and because intracardiac shunts are present. To our knowledge, Bing and associates,15' 26 in 1947, have made the only report in which pulmonary capillary blood flowv was measured by indirect Fick principle using carbon dioxide. Pulmonary blood flow was calculated by the direct Fick method using carboni dioxide. The difference between the pulmonary capillary flox and the pulmonary flow represented bronchial blood flow (bronchopulmonary flow). In 30 of their 38 patients who uinderwent the measurement, ranging from 5 to 25 years in age, I)ronchial blood flov was increased with a meain value of 866 mIl/min, ranging from 150 to 2,790 ml/min.
The present study revealed that bronchial l)lood flow was 0.46 L/ min on th-e average, and corresponded to 15.3% of the pulmonary artery blood flow and to 7.9% of the aortic l)lood flow. These values are considerably lover than those in cases of atresia of the pulmoniary artery reported by Fishman and associates.18 As blood supply to the lungs in the latter cases is entirely from the aorta, such an enlarged bronchial blood flow may be nothing to be wondered at. However, our results were much lower than the results in the cases of pulmonic stenosis studied by Bing and associates.6 This discrepancy may be referred to the analytical errors dependent upon the respective measurement methods. Duplicate measurements by the methods nowv in uise gave fairly good agreement for the bronchial artery, pulmonary artery, and aortic blood flows (table 4) . These results reveal good reproducibility of the procedures involved.
A technical problem involved in the presenit method may remain in the assumption that the early appearing dye curve in the left atrium after dye injection into the aortic root is solely due to the bronchial flow, becauise it las been reported27' 28 that the renal and coronary circulations may serve as the fast pathvay of the systemic circulation. In the present sttudy, the appearance time of the early dye curve in the left atrium was 2.7 ± 1.4 seconds oin the average in 11 cases including the two postoperative cases. This time coincided with 2.8 1.0 seconds which is a mean of the appearance time in 10 cases with lung diseases inidicating increased bron-chial flow by the same principle as the present method. Ininine cases in which bronchial flox could not be detected, the appearance time xx as 7.4 1.5 seconds on the average.9 It x7as considered that the early systemic recirctulation does not appear in the left atrium in less than 5 seconds after injection of dye into the aortic root in the uisual condition of normal human subjects.
Selective bronchial arteriograms were taken) in four patienits according to the technique of Reuter and associates.:1" The degree of enlargement of the bronichial arteries demonstrated on their arteriograms wvas consistent with the valtues of bronchial blood flow in those cases. Figure 2 shows the right bronchial artery in case 8 in which blood flowx vas 0.28 L/min and figure 3 shows the right bronchial artery in case 7 in xxhich flow vas 0.55 L/min. Reduced pulmonary arter-y blood flow and lovered pulmonary arterial pressuire would he cited as the most potential mechanism for an increase in bronchial circulation in tetralogy of Fallot. In this study, however, there xvere no definite relationships either between the bronchial and pulmonary artery blood flows or between the bronchial blood flow and pulmonary arterial pressure. Postoperative stuidy revealed that the bronchial blood flow wa.s not changed after radical operation in spite of a marked increase in pulmonary artery blood flow and a probable rise in pulmonary arterial pressture. There was no ground to affirm a simple mechanistic theory31 as the mechanism for the increased bronchial circuilation.
The broncshial circulation in tetralogy of Fallot could play an important role in lessening oxygen desaturation in the arterial blood by compensating for reduced pulmonary capillary flow. The clinical course of the patients may be affected by the magnitude of its flow as a collateral circulation of the lung. In the present study, however, the increase in the flow was considerably smaller than that reported previously from anatomic and physiological studies, and then the values calculated did not necessarily correlate with arterial oxygen saturation, severity of disease, or patient's age. Thus, the advantage of increased bronchial circulation in tetralogy of Fallot is not so great as has l)een generally prestumed.
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